Abstract The classification and discrimination of minerals are important in geological research. The distribution of rocks and minerals may be inferred based on their identification, which is helpful for the investigation of some geological and environmental evolution problems, either on the earth or on other planets. LIBS and Raman spectra techniques have shown great advantages in simultaneous multi-component, in-situ, and non-destructive detection and they play an important role in rock composition analysis. In this presentation, six kinds of minerals (Gypsum, Spodumene, Barite, Haematite, Moonstone, and Labradorite) were detected by first using LIBS and Raman systems, and then several other methods (PCA, PLS-DA, ANN, and SVM) were used to evaluate the LIBS, Raman, and the fused LIBS/Raman data, respectively. The results indicate the superiority of the fused LIBS/Raman data in mineral classification, which stems from their complementary analysis abilities when studying element composition and structural features.
Introduction
The classification of minerals and rocks is a basic problem in geological research, which is of great scientific significance for mineral species and distribution research, and is even necessary to the research of planetary origin and geological evolution, either on the earth or on other planets. Laser-Induced Breakdown Spectroscopy (LIBS) can detect the elemental composition of rocks, and the Raman spectra technique can sense the molecular structure of mineral crystal. These techniques have great advantages for in-situ, multicomponent analysis. Some investigations on mineral classification and identification have been carried out based on LIBS and Raman spectroscopy [1−6] . Among these works, the ChemCam system that was landed on the "Curiosity" Mars probe may be the most famous [7−9] . Combined with the spectra technique, some multivariate methods, such as Principal Components Analysis (PCA), Partial Least Squares-Discriminate Analysis (PLS-DA), Soft Independent Modeling Class Analog (SIMCA), and so on, were widely applied to the analysis [10−13] . Most minerals and rocks have complicated compositions and structures, such as: many major, minor, and trace elements; different ratios of elements, even different types of rocks; isomers; the crystalline state, etc. So, the classification and discrimination of rock are complicated [14−16] . A LIBS-Raman combined detection and analysis may be helpful to improve discrimination in view of their complementary rock composition analysis capability. Some primary research and analyses using combined LIBS/Raman spectra have been applied to art, monuments, biological aerosol, explosive detection, and ink composition identification. In this paper, six kinds of minerals were well detected using LIBS and Raman systems. Four methods (PCA, PLS-DA, ANN and SVM) were used to evaluate the respective performance when the LIBS, Raman, and the fused data were used. The results prove the superiority of the combined application of LIBS/Raman data.
Samples and experimental setup
Six kinds of typical samples ( Fig. 1) ( i.e., Gypsum, Spodumene, Barite, Haematite, Moonstone, and Labradorite) were used in this study, which came from * supported by Shandong University of China (No. 2014ZQXM004) and National Natural Science Foundation of China (No. 41503063) Fig.1 Six kinds of mineral samples: Gypsum, Spodumene, Barite, Haematite, Moonstone, and Labradorite different ore districts in China. For the convenience of the test and to avoid environment contamination, all of the samples were broken into pieces and the sampling points are located in the new fracture plane. Besides this step, no special pretreatment was done.
A LIBS detection system (Fig. 2) was set up to obtain the LIBS spectra of the samples. A pulsed laser (Quantel, Brilliant B) was used as the LIBS excitation source, which was operated at 1064 nm with 10 ns pulse width and 10 Hz repetition. The laser beam was focused onto the sample by a lens with focal length of 38.5 mm, and the excited LIBS signal was collected by a lateral double lens system. It then went through a fiber to an echelle spectrograph (Andor, Mechelle 5000) and an intensified CCD camera (Andor, iStar DH734i-18F-03) with an internal Digital Delay Generator.
Fig.2 Experiment diagram of our LIBS setup
Using this system, a wide spectral range (200-915 nm) and high resolution (0.01 nm) LIBS spectrum can easily be obtained at only one acquisition. In view of the roughness of the sample surface, as well as the fluctuation of the pulsed laser energy and excited plasma, IOC (Integrating On CCD Chip) of three laser pulses and accumulation (twice, in memory) were performed to reduce the instability of the LIBS spectrum. That is to say, a single LIBS spectrum was achieved from six laser pulses.
A 532 nm CW laser (Beijing ZK Laser Co., Ltd. SLM 532-500 ), cooperating with QE 65000 and a selfbuilt excitement and collecting system of DOCARS-532 (laser excluded) with 6 cm −1 resolution and 150-4500 cm −1 spectral range was used to stimulate and detect the Raman spectra of the samples (Fig. 3) . The laser power was modulated at 350 mW, and an integrate time of 30 s was used for all the samples (more detailed information about DOCARS-532 can be found in some corresponding literatures). It is worth mentioning that careful focusing is needed for every sample point because of the coarse surface of the rocks, both in LIBS and in Raman detection. 
Result and discussion
This work aims to investigate the capability in minerals' classification by using the Raman, LIBS, and the joint data. A total of 60 spectra were used for each sample: 40 of them were used for training, and 20 spectra were used as a testing set. All of the data were fused into a single matrix for the following multivariate analysis (PCA, PLS-DA, ANN, and SVM).
Considering the tremendous intensity difference and the instability of the pulsed laser energy, the LIBS and Raman spectra were first normalized by their maximum intensity. In order to avoid the blocking in the program processing from the huge amount of full LIBS data, the LIBS spectrum was condensed from 28243 to 3265 channels by a peak seeking and extraction method that was based on symmetrical zero-area transformation, which helps to obtain the position and width parameters of the peaks [17] . To avoid the negligence of any peaks and the redundancy of the background and noise, each mineral's 40 LIBS spectra were normalized and averaged to get a typical LIBS spectrum for this mineral, then the extracted spectrum segments containing all peaks profile of the six minerals' typical spectra were concatenated to constitute the condensed LIBS (3265 channels). After the fusion of a condensed LIBS with a full Raman spectra (1024 channels), a fused LIBS/Raman spectrum will have 4289 channels. Typical fused data (including condensed LIBS and Raman spectrum, that were respectively normalized) of the six minerals are shown in Fig 4. The 4289 (3265 for LIBS, 1024 for Raman) channels data are still too large to process. To reduce the numbers of the input data, the PCA method was used in this work (the PCA is frequently used to reduce the dimensions of data). After linear transformation, the Fig.4 Typical condensed LIBS (channel 0 to channel 3264) and full Raman (channel 3265 to channel 4288) spectra of six kinds of samples. The condensed LIBS and full Raman were respectively normalized with their maximum intensity, and then the two sets of data were spliced together complicated wavelengths became some principal components (PCs). Each principal component has a score to indicate its significance, and the first several PCs are usually devoted to most of the significance. In this work, the PCA method was run, respectively, using the Raman, LIBS, and the joint data, and the sum of the first seven PCs scores runs up to 99.94% for Raman, 97.44% for LIBS, and 97.05% for the fused data. So, the first seven PCs were selected to represent the spectra data for the following discrimination analysis using PLS-DA, ANN and SVM. Certainly, the principle component can give us a visualized classification indication. Fig. 5 gives the clustering result by the first three PCs, and we can catch sight of the obvious classification failure on Gypsum and Barite when only the Raman spectra are used, a better clustering result can be obtained by using LIBS, and we get the best separation when the fused data are used.
For further discrimination of the minerals, the PLS-DA, SVM, and ANN methods were applied to three kinds of data. The PLS-DA model is a supervised discriminant analysis method, so in this work the spectral data were divided into a training set and a test set. The model can be modified through the training set data, and the model was validated through the test set data. The number of Latent Variables (LVs) reflects the maximum variance between different mineral classes. The optimal number of LVs can be determined using the Leave-one-out Cross-Validation (LOOCV) method [18, 19] . SVM is a new statistical analysis method that is based on machine learning. Through the application of kernel function expansion and nonlinear mapping, some highly nonlinear regression and classification problems of the sample space can be solved using a linear method. SVM raises the data dimension and linearizes the data; meanwhile there is almost no increase in computational complexity. Therefore, SVM is especially suitable for small samples and some inherently nonlinear problems [19, 20] . This should be attributed to the kernel function and its expansion theory. In this work, the Radical Basis Function (RBF) was selected as kernel function, and the LIBSVM (Lin Chih-Jen) program package was used. ANN has good nonlinear mapping ability, and has priority in solving nonlinear problems of systems with components interaction. Nowadays, neural networks with different structures have been applied to spectral analysis [20, 21] . In this paper, the Radical Basis Function (RBF) network was used, which is a three-layer feed-forward networks. The default maximum number of neurons was 240, which was the number of training set (40×6). Undoubtedly, the three methods, PLS-DA, SVM, ANN would have different results, but a comparison of their classification performance was not emphasized. We mainly discuss the classification results from different datum sources (the Raman, LIBS, and the fused data) in this paper. Tables 1, 2, 3 display, respectively, the results of classification by using ANN, PLS-DA and SVM, In which every method was displayed in turn with the results obtained from the data of Raman, LIBS, and the fused data, respectively. We can know from these three tables that Raman spectra have the lowest classification accuracy (the averaged accuracy of 120 validation spectra, the same bellow) of 76.67%, 93.33%, 89.17% by using ANN, PLS-DA and SVM method, respectively, because of the poor Raman signal and the fluorescence background. The LIBS has a higher accuracy of 97.50%, 97.50%, 100%; and the joint data obtained the highest accuracy of 100%, 98.33%, 100%. So, the fused data provide a higher classification accuracy than Raman or LIBS data when using the ANN and PLS-DA methods, and have the same accuracy of 100% as LIBS when SVM is used. This probably results from more spectral features in the fused data.
Conclusion
Because of the complicated compositions and structures of rocks and minerals, their classification and discrimination are difficult. With LIBS or Raman spectra, some multivariate analysis methods can recognize the minerals at a high accuracy (especially by using LIBS). But the joint LIBS-Raman data would be helpful to improve the accuracy of mineral classification and discrimination in view of their complementary analysis capability. Further work should be carried out based on more kinds of minerals and rocks, especially based on those samples with minor differences to research the classification range and the discrimination capability of minerals and rocks when using fused LIBS/Raman data. 
